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Abstract 
Suspended Particulate matter (PM) in air is a serious environmental problem which 
arouses world wide attention. A simple method for determining lead in PM 2.5 by using 
Electrothermal Atomization Atomic Absorption Spectrometry (ETAAS) has been 
developed. Particulates collected on Nuclepore filter by using dichotomous samplerwere 
suspended in diluted nitric acid after ultrasonic agitation. The dislodging efficiency is 
nearly 100% when agitated for 5 minutes. In order to study the suspension behavior of 
PM 2.5 in the solvent, a Brookhaven ZetaPlus Particle Size Analyzer was used to 
determine the particle size distribution and suspension behavior o fa i r particulates in the 
solvents. The pre-digestion and modification effect ofni t r ic acid would be discussed. 
Palladium was added as a chemical modifier and the temperature program o f E T A A S 
was changed in order to improve the recovery. The slurry was introduced directly into a 
graphite tube for atomization. The metal contents in the sample was determined by 
standard addition method. The accuracy of the procedure was confirmed by the 
acceptable agreement of parallel results obtained by the developed method and by 
ETAAS determination oftraditional acid digestion samples. It offers a quick and 
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1.1 Air Pollution in Hong Kong 
Hong Kong suffers from serious air pollution problems. Particulate Matter in 
ambient air constitutes an important factor in the overall air quality in Hong Kong. 
Public concern heightened in 1997 when the Ai r Pollution Index (API) rose to 
unhealthy levels on several occasions, bringing an unprecedented focus to the 
problem.' The first Ai r Pollution Index (API) was published in Hong Kong by the 
Environmental Protection Department on 6th June 1995 which is a means for the 
concise representation of information on air quality. It provides a simple and uniform 
way to report daily air pollution concentrations and serves as a basis for issuing 
advice to the public before the onset of air quality episodes. This w i l l enable 
everyone, particularly susceptible groups, such as people with heart or respiratory 
illness, to consider taking precautionary measures when necessary. The API is based 
on the measurement of six pollutants for which Hong Kong Ai r Quality Objectives 
(HKAQO) have been established. These pollutants are: nitrogen dioxide, sulphur 
dioxide, ozone, carbon monoxide, total suspended particulates (TSP) and respirable 
suspended particulates. (RSP)^ Particulates level is, by far, Hong Kong, number one 
air pollution problem. Although Hong Kong EPD has successfully controlled certain 
air pollutants including sulphur dioxide within acceptable level. However, there are 
still some air pollutants with persistently high ambient levels. Total suspended 
particulates and respirable suspended particulates are of particular concern as they 
may be related to health concerns such as increased rates of cancer and respiratory 
diseases and have exceeded the AQO for most of the past five years. Six ofthe nine 
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stations did not meet the annual health-based air quality objectives (AQO) for two 
pollutants, respirable suspended particulates (RSPs) and total suspended particulates 
(TSPs) in 1997.1 RSPs are believed to cause the most health problems and are linked 
to higher illness and death rates, as revealed in overseas studies.^ The majority of 
RSPs come from diesel vehicles」 
Diesel emissions are the main cause of the high RSP detected at monitoring 
stations and the situation could worsen because more diesel vehicles are expected on 
the roads over the next few years. The government is therefore seeking to reduce the 
number of diesel vehicles and to control emissions from the remainder. Much 
attention is focused on a one-year trial to replace diesel taxis with those running on 
liquefied petroleum gas (LPG). The trial was begun in late 1997, has the co-operation 
of the taxi trade and others and, i f successful, could result in a 30 per cent reduction 
ofRSPs upon the complete replacement of diesel taxis. These developments are part 
of a long-running effort to control air pollution. Increasingly stricter regulations have 
been introduced on vehicle standards and fuel, and Hong Kong is now leading Asia 
in terms ofvehicle fuel and emission standards. The Environmental Protection 
Department w i l l continue to investigate new technologies and alternative fuels, as 
they become commercially viable.' 
1.2 Brief introduction of Particulate Matter 
Atmospheric particles originate from a variety of sources and possess a range 
of properties. Atmospheric particles contain inorganic ions and elements, elemental 
carbon, organic and crustal compounds. Some particles are hygroscopic and contain 
particle-bound water. Particulate matter (PM) is a generic term applied to this broad 
class of chemically and physically diverse substances that exist as discrete particles 
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over a wide range of sizes. Particles are droplets or solids that originate from a 
variety of natural and anthropogenic stationary and mobile sources. Atmospheric PM 
occurs as fine-mode and coarse-mode particles that, in addition to falling into 
different size ranges, differs in formation mechanism, chemical composition, sources, 
and exposure relationships. Primary particles are composed of material directly 
emitted into the atmosphere, while secondary particles form as a result o f chemical 
reactions involving gas-phase precursors or other processes involving chemical 
reactions. Examples of primary particles include wind-blown dust, seas salt, road 
dust, and mechanically-generated or combustion-generated particles such as fly ash 
and soot. Examples of secondary particles include sulphate formed from the 
atmospheric oxidation of sulphur dioxide. Size is one of the most important 
characteristics in the determination of the properties, effects and fate of atmospheric 
particles. Their chemical and physical compositions vary depending on location, time 
of year and meteorology. Scientific studies show a link between particulate matter 
(alone, or combined with other pollutants in the air) and a series of significant health 
effects. These health effects include premature death, increased hospital admissions 
and emergency room visits, increased respiratory symptoms and disease, decreased 
lung function, and alteration in lung tissue and structure and in respiratory tract 
defence mechanisms. Sensitive groups that appear to be at greater risk to such effects 
include the elderly, individuals with cardiopulmonary disease such as asthma, and 
children. In the past, major attention has been focused on the TSP and PM 10 in the 
ambient air. The fine fraction of atmospheric particles (PM 2.5) has been drawn into 
attention recently due to its potentially hampering health effect and it is anticipated 
that it wi l l be subjected to control in the near future in Hong Kong. 
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1.2.1 Total suspended particulates 
TSP are airborne particles of different sizes ranging from approximately 0.1 to 
100 |Lim which are the original standard for particulate matter established in 1971. 
These airborne particles include smoke, fumes, dust and fly ash of various sizes, 
shape and composition. They are emitted from various sources including power 
stations, construction activities, incineration and vehicles.^ 
1.2.2 Respirable suspended particulates 
RSP are the fraction of the total suspended particulates, which have a 
particle size of 10 jum or less, in diameter. Apart from combustion sources, in 
particular diesel vehicles, atmospheric oxidation of sulphur dioxide and nitrogen 
oxides and to a less extent, crustal dust and marine aerosols are also significant 
sources of RSP. RSP may cause chronic and acute effects on human health, 
particularly pulmonary function, when present at high levels as they can penetrate 
deep into the lungs and cause respiratory problems. These effects increase i f high 
RSP levels are associated with higher levels of other pollutants, such as SO2. Smaller 
particles in RSP wi l l also have a major impact on visibility，These smaller particles 
are most likely to be inhaled and deposited into the thoracic region ofthe lung. It has 
harmful effects on pulmonary functions such as reduced lung function; respiratory 
illnesses and some particles are even carcinogenic. Particles bigger than 10 
micrometers are not inhaled deeply into the lungs, which is why US EPA switched in 
1987 from an air quality standard based on TSP changed to one based on PM10 
(particles smaller than 10 micrometers).^ 
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1.2.3 PM 2.5 
On July 18,1997, the USEPA promulgated new National Ambient A i r 
Quality Standards for particulate matter. In addition to slightly revising the previous 
PM 10 standard, EPA added a new standard for fine particles less than 2.5^im in 
aerodynamic diameter, known as PM 2.5. To develop meaningful relationships 
between PM 2.5 levels at receptors and source emissions for better understanding the 
causes of high PM 2.5 concentrations, in particular secondary components formed in 
the atmosphere through chemical reactions and condensation. It is necessary to not 
only sample for PM 2.5 mass, the NAAQS indicator, but also for the chemical 
components of PM 2.5. These small particles are most likely to be inhaled and 
deposited into the thoracic region of the lung. Its harmful effect is on the pulmonary 
function such as reduced lung function, respiratory illness and even posing a cancer 
risk for certain particle. Groups that appear to be most sensitive to the effects ofRSP 
include individuals with chronic lung and heart disease, individuals with influenza, 
asthma, elderly people and children. Recent mortality studies, including that using 
the ACS cohort, have implicated even smaller particles, PM2.5 and finer.^ 
1.3 Lead in Air and its Harmful Effects on Human 
Elemental analysis ofaerosol samples is very important because it can be very 
helpful in identifying particle sources. Also it is well known that the presence oftrace 
metals in Air Particulates is one of the main concerns ofpubl ic health. Lead is one of 
the chemical constituents that are found in the RSP in Hong Kong. It mainly comes 
from combustion of leaded petrol and the soil dust, which are harmful to human. 
Lead is a very toxic element, causing a variety of effects at low dose levels. Brain 
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damage, kidney damage, and gastrointestinal distress are seen from acute exposure to 
high levels of lead in humans. Chronic exposure to lead in humans results in effects 
on the blood, central nervous system (CNS), blood pressure, kidneys, and Vitamin D 
metabolism. Children are particularly sensitive to the chronic effects o f lead, wi th 
slowed cognitive development, reduced growth and other effects reported. 
Reproductive effects, such as decreased sperm count in men and spontaneous 
abortions in women, have been associated with lead exposure. The developing foetus 
is at particular risk from material lead exposure, with low birth weight and slowed 
postnatal neurobehavioral development noted. Human studies are inconclusive 
regarding lead exposure and cancer, while animal studies have seen an increase in 
kidney cancer from lead exposure by the oral route. EPA has classified lead as a 
Group B2, probable human carcinogen.^ 
The annual average concentration o fPb derived from RSP during 1988-1997 
in Hong Kong is shown in Fig.l^'^^'^^ and the distribution of lead level in RSP of 
Hong Kong during 1997 is shown in Figure 2.6 The high levels of lead were found in 
regions ofheavy traffic and industry area such as Yuen Long, Tai Po, and Mongkok. 
The largest source of lead in the atmosphere has been from leaded petrol combustion 
in motor vehicles, but with the introduction of unleaded petrol, air lead levels have 
decreased considerably. Other airborne sources include combustion of solid waste, 
coal, and oils, emissions from iron and steel production and lead smelters, and 
tobacco smoke. 
In view of the adverse effects on humans, the lead content in RSP of air 







































































































































































































































































1.4 Air Sampling 
Collection of particulate matter in the air utilizes principles very different 
from those in the collection of gases. Primarily, the size or inertia of the solid particle 
or l iquid droplet is the property capitalized upon for collection. Inertial collectors use 
the principle that particles in a gas stream wi l l tend to be deflected less than the 
nearby gas when the gas stream is subjected to a sudden change in direction. I f the 
velocity is large enough and the direction change around a solid surface is severe 
enough, the particles' inertia w i l l cause them to be thrown against or impacted on the 
surface. Particles moving through a gas are characterized by their aerodynamic 
diameter. Aerodynamic diameter takes into account the shape, roughness, and 
aerodynamic drag of a particle. A particle that moves through a gas at the same 
terminal velocity as a smooth spherical particle of a certain diameter is said to have 
that aerodynamic diameter.? Filtration is a most widely used method for aerosol 
measurement, owning to its flexibility, simplicity, and economy. It is done by 
collection, through removal from the gas phase, of a representative sample of the 
aerosol on a suitable porous medium or filter. Filters can be used to assess total dust 
loading, or with an inertial precollector, to measure a subset ofsmaller-diameter 
particles. Exposed filters can also be analyzed microscopically or chemically. 
The essential components of a filter sampling system for aerosol measurement 
include a sampling probe, a filter holder, filter, a flow measurement device, a f low 
regulator and a pump. Aerosol-laden air is drawn through a sampling probe for 
isokinetic sampling from a flow stream into a filter holder containing an 
appropriately selected filter medium. The aerosol is separated from the flow stream 
to the extent dictated by the characteristics ofthe filter, the air velocity through the 
filter, and other factors such as the particulate loading on the filter. The air drawn 
9 
through the filter flows to a f low measurement device such as a rotameter, mass f low 
meter, or dry test meter, and then into a f low regulating mechanism, such as an 
orifice or valve coupled with an air moving device or pump. Selecting the 
appropriate components and the optimum order for the f low progression through the 
system is crucial in achieving a representative sample of the aerosol on the filter.^ 
Existing technologies use inertial impactors or dichotomous samplers as particle size 
separators that only approximate PM size. Dichotomous samplers provide 
concentration data for PM 10 and PM 2.5 by separating particles by acceleration 
through a nozzle and collection of fine particles at 90 degrees to the flow. Inertial 
impactors provide information on multiple size fractions by collecting particles on 
filters or an impaction surface by drawing air through a series of converging nozzles. 
Large particles have higher inertia and are collected first, while smaller particles are 
collected in later impaction stages. For both of these technologies, sizing is based on 
the aerodynamic properties of the particles and the diameter o faun i t density sphere. 
However, these properties o f P M vary significantly (e.g., diesel PM is very long; soil 
can be crystalline; and pollen is very rough and lightweight). Therefore, particles 
those are larger and lighter than the reference sphere may get through, while some 
smaller, heavier particles may be selected out and lost. Figure 3 shows the principle 
ofparticle separation in a dichotomous sampler by virtual impaction. 
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Figure 3. Principle of particle separation in a dichotomous sampler by virtual 
impaction 
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Filter media of many different types and with many different properties have been 
designed for or adapted to air sampling requirements.^ In general, filter media can be 
divided into 4 types according to their characteristic structure:^ 
1. Fibrous filters 
Fibrous filters consist of a mat of individual fibers. The materials used for 
making it include cellulose, glass, quartz and plastic fibers. Sometimes, mixed fibers 
ofcellulose, asbestos, and glass are also used as filters for certain low-cost qualitative 
sampling applications. They are used widely for general-purpose air sampling.^ 
2. Porous- membrane filters 
A variety of filters made of cellulose esters; polyvinyl chloride and Teflon are 
commercially available. Membrane filters are gels formed from a colloidal solution 
and have a very complicated and uniform microstructure providing a tortuous or 
irregular air low path. Often, the complex filter structure consists of a series of layers 
formed by different processes, depending upon the manufacturing technique. Its 
applications include monitoring metals, dust and asbestos in air.^ 
3. Straight-through pore filters 
This type off i l ter consists of a polycarbonate membrane with straight-through 
pore of uniform size. They are often called Nuclepore filters. The filters are 
manufactured by subjecting polycarbonate membranes to neutron bombardment, 
followed by an etching process, that produces uniform-sized pores in the membrane. 
They are widely used for particle analysis using surface analytical techniques such as 
light and electron microscopy, 
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4. Granular-bed filters 
For specialized applications, aerosol sampling may be performed using a 
granular- or packed-bed filter. Filtration is accomplished by passing particle-laden air 
through a bed consisting of granules and recovering aerosols afterwards by extraction 
procedures. Granules of activated charcoal, glass, sand, sugar; naphthalene, quartz 
and metal beads have been used. Aerosols are usually recovered from the granular 
media for chemical analysis by washing, volatilization, or the use of solvents.^ 
1.5 Sample Treatment 
1.5.1 Acid digestion method 
Acid digestion is one of the tradition and still most frequently used technique 
in the analysis of airborne particulate. Mineral acids and mostly oxidizing acids such 
as concentrated nitric acid are the common acids for digestion. Most inorganic 
materials wi l l dissolve in acids or mixtures of acids, although some volatile elements 
may be lost in the process.!。 
Acid digestion has the advantage of being effective on both inorganic and 
organic materials. It often destroys or removes the sample matrix, thus helping to 
reduce or eliminate some type of interference. Acid digestion may give rise to 
systematic errors due to contamination caused by reagents and container material, 
losses of elements caused by adsorption on the surface of the vessel and losses of 
elements by volatilization.^^ 
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1.5.2 Slurry sampling method 
Slurry sampling has wide applications in environmental analysis. The sample 
of interest ranges from sediments to biological substances. One of the applications of 
slurry sampling is the determination of the metal contents in air particulates by 
electrothermal atomic absorption spectrometry. (ETAAS)" . '〗 The introduction of 
slurry samples combines the advantages of l iquid and solid sampling,'^ and avoids 
many of the problems associated with acid digestion method or direct solid sampling. 
It permits sample introduction using micropipettes and autosamplers, which are 
routinely used in liquid sampling. Slurry samples can be introduced into the graphite 
furnace easily and reproducibly using conventional methods and sample preparation 
time is kept to a minimum」〗 Sample can be easily calibrated with standards by using 
slurry technique」] Moreover, the concentration of slurry can easily be changed so 
that the analyte concentration falls within the range of the calibration graph. Slurry 
sampling lowers the detection l imit and avoids sample dissolution. The technique is 
applicable to the analysis of inorganic and organic materials in the form ofpowders, 
sheets, samples of soft and hard tissues, etc. There are still some problems related to 
the analysis of solids samples in the form of slurries. The two most important 
problems are the homogeneity of the slurry and calibration. Slurry preparation in 
aqueous solution is rarely suitable because of the rapid sedimentation of the 
powdered samples. Homogenization of the slurry can be achieved by mechanical or 
ultrasonic agitation of the sample powder in solution, or by stabilization of the 
particles using a thickening agent, which increases the viscosity of the suspension. 
Most slurried food and plant samples employ Triton X-100 as a suspending reagent 
for analysis.i4-2i Other applications of interest include sediment and soilf_29 cereal 
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and dairy products,^^'^^ seafood^^'^^ and body fluid.^^'^' To avoid problems wi th the 
matrix interferences, chemical modification is recommended. 
1.5.3 Comparison between acid digestion and slurry sampling methods 
The characteristics of these two methods are summarized in Table 1. 
Table 1. Comparison between acid digestion and slurry sampling 
method. 
Acid Digestion Method Slurry Sampling Method 
• Heating is required • No heating is required 
• More prone to contamination • Less prone to contamination 
• Long treatment time (hours) • Short treatment time (minutes) 
• Loss of analyte through • Less analyte loss through 
volatilization volatilization 
1.5.4 Chemical modification 
Chemical modification is a process by which a chemical or a combination of 
chemicals is added to the sample so that the analyte may be separated from the matrix 
more easily, hence facilitating interference-free determinations. This may be achieved 
in two ways. The first is to accelerate the removal of the matrix by adding a chemical 
that volatilizes the matrix at a lower temperature. A large number ofmatr ix modifiers 
have been developed that thermally stabilize the analyte, allowing higher ash 
temperatures to be used without analyte loss. In this way, more matrix may be 
removed leaving less to interfere with the analyte determination.^^ Chemical 
modifiers in liquid form are mostly used for the determination of highly volatile 
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elements such Pb, Cd, Se and As.'^ The chemical modifier most widely used for the 
determination of lead are palladium (Pd), palladium nitrate (Pd(NO3)2 and 




Measurements were carried out using a Hitachi Z-8200 polarized Zeeman 
graphite furnace atomic absorption spectrophotometer. The source of radiation was a 
lead hollow cathode lamp, operated at 7.5 mA, which provided a 283.3 nm line, with 
a spectral bandwidth of 1.3nm. Zeeman background correction was used. Pyrolytic 
graphite coated graphite tubes with porous electrographite platforms were used to 
improve the atomization process. The platform measured of 8 mm long, 3 mm wide 
and 0.5 mm thick. The graphite tube with the platform in it was cleaned at 
temperature above 2500 °C for 10 seconds in the ETAAS prior to use. For all 
measurements made during this study, peak area was used. The volume injected was 
10|id. Brookhaven ZetaPlus Particle Size Analyzer was used to determine the particle 
size distribution and suspension behavior of air particulates in the solvents. A i r 
particulate samples were collected with a Graseby PM 10 Dichotomous Sampler 
with a f low rate o f l6 .7L /m in , on two 37 mm Nuclepore filters with 0.4^m pore size. 
A Branson 3210 ultrasonic bath with timer was employed to dislodge the air 
particulates from the filter media to prepare slurry. An epd2 electronic digital pipette 
(RAINn^, l)ul -250|al) was used for manual sampling. 
2.2 Instrumental Analysis 
2.2.1 Electrothermal atomic absorption spectrometry^® ^^  
Atomic Absorption Spectrometry has become a widely used analytical 
technique for the determination of metals in air samples owing to its sensitivity low 
detection limits, accuracy, wide applicability and high selectivity. Electrothermal 
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atomic absorption spectrometry (ETAAS) was first developed in the 1960 • ETAAS 
generally provides enhanced sensitivity as compared with flame AAS, because the 
entire sample is atomized in a short period and the average residence time of the 
atoms in the optical path is a second or more. 
Electrothermal atomizers are small electrically heated tubular furnaces. The 
tube is coated with pyrolytic graphite to lower the loss of atomic vapor by diffusion 
through the tube wall, improve residence time and increase the resistance to chemical 
attack. 
The furnace is positioned so that the radiation from the line source is directed 
through the tube. A hole in the top of the tube allows 5 - 100 ^il o f solution to be 
injected manually with a micropipette or with an automatic injector. Each end of the 
furnace tube is connected to a high current, programmable power supply through 
water-cooled contacts. Electrothermal atomization takes place in an inert atmosphere 
to prevent oxidation of carbon surface, and it usually involves four distinct, 
preprogrammed, time-temperature steps (for drying, ashing, atomizing, and 
cleaning). The conditions of time and temperature depend both on the analyte and on 
the sample. The drying step serves to remove solvent and to deposit the sample as a 
finely divided solid on the surface of the graphite tube. During the ashing step, 
volatilization of organic and low-boiling inorganic compounds occurs. The upper 
limit for this part of the atomization program is the highest temperature not resulting 
in the loss of analyte. The major function of the ashing step is to modify the solid 
residue on the graphite surface for reproducible and efficient atomization. The 
atomization step is carried out rapidly, in 5-10 seconds, at temperatures of 1000-
3000°C. During this step, the thermal energy is sufficient to vaporize the ashed 
material and to form the atomic vapor of the analyte. It is during this step that the 
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atomic absorbance is measured. To remove any residual material before introduction 
of the next sample or standard, the electrothermal device is briefly heated to a 
temperature in excess of 2500°C. This cleaning step is particularly important when 
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Figure 4. Temperature program of the graphite fumace 
An inert internal gas stream such as argon enters the two ends of the tube and 
leaves the tube via the central sample tube. This stream not only excludes air but 
also carries away vapors generated from the matrix during the drying and ashing 
steps. In the atomization step, the internal gas flow is generally stopped in order to 
prevent cooling and removal of the atom vapor during atomization. 
Electrothermal atomizers offer the advantage of unusually high sensitivity for 
small volumes of sample. Typically, sample volumes between 0.5 - 10 ^L are 
employed; under these circumstances, absolute detection limits typically lie in the 
range of 10"^ ° to 10七 g of the analyte. They are up to three orders of magnitude 
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better than with flames. The relative precision of GFAAS is generally in the range of 
5 to 10 o/o. However, furnace methods are slow - typically requiring several minutes 
per element. Another disadvantage is that the linear range is limited, being usually 
less than two orders of magnitude. 
2.2.2 Background correction by the Zeeman effect 
Zeeman background correction is used to compensate for the background 
absorbance. The atomic spectrum, both the emission and absorption lines, placed in 
a magnetic field of approximately 1 tesla is split into several components and is 
subjected to polarization. This is known as Zeeman effect. 
Zeeman background correction in atomic absorption spectrophotometer 
(AAS) is based on the splitting of atomic spectral lines into several components 
under the influence of a magnetic field. Either the line source (direct Zeeman AAS) 
or the atomizer (inverse Zeeman AAS) is placed between the poles of a strong 
magnet. 
The Hitachi Z-8200 Graphite Furnace AAS is a model that employs inverse 
Zeeman effect. By this technique, the permanent magnet is placed around the 
atomizer. The absorption line of the analyte atoms is split into 兀-and a-components. 
The magnetic field is perpendicular to the optical axis and a polarizer is used to 
separate the radiation beam from the hollow cathode lamp into 2 components. 
One of the components oscillates parallel to the magnetic field and the other 
perpendicular to it. Both components have the same wavelength. When the parallel 
component is transmitted, it wi l l be absorbed by the central unshifted 7i-component 
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ofthe analyte (the sample element and background both absorb the light). In the next 
quarter cycle only the perpendicular source light is transmitted. This perpendicular 
light w i l l not be absorbed by the central 7i-component of the analyte (although it is at 
exactly the same wavelength) because its polarization is different. Therefore, only 
background absorbs in this case. Subtraction of the signal of the perpendicular 
polarized component from that of the parallel component corrects for background 
absorption.43 
Although the Zeeman correction effect could effectively correct for the 
background absorption from the analyte, it had some shortcomings. 
The Zeeman effect split the absorption line of the analyte into n- (central line) 
and cj- (sidebands) components. As the concentration of the analyte increased, the 
sidebands broadened and began to absorb more and more of the perpendicular 
component of the source radiation The analyte absorbance was considered as 
background and subtracted, causing the working curve to bend downwards. 
Therefore, the usable working range decreased and hence the concentration above 
this range would have lower absorbance than expected. 
Many elements did not undergo normal Zeeman splitting but instead yielded 
complex anomalous patterns. The pattern with three split lines like Cd 228.8 nm is 
called a normal Zeeman pattern. The pattern with split 7i-component lines like Cu 
324.8 nm is called an anomalous Zeeman pattern. Since splitting was usually not 
completed, there was some atomic absorption included in the background 
measurement and hence the sensitivity was reduced.^^ Furthermore, due to 
transmission losses in polarizer components and the use of only a fraction of the 
field-free source intensity for each measurement, the source intensity was reduced. 
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2.3 Reagents 
Al l solutions were prepared from analytical reagent grade chemicals, using 
ultra-pure water of resistivity 18MQ cm"', obtained with a Mi l l i -Q water-
purification system (Millipore). Lead stock standard solution, 1.000g r ! , was 
prepared by dissolvmg 1.5985g Pb(NO3), m l L of ultra-pure water. Analytical 
reagent grade nitric acid (65 %) was purchased from RDH. Palladium stock standard 
solution, 3.000 g ml"', was prepared by dissolving 300 mg ofpal ladium (99.99%; 
ACROQ in 1 ml of concentrated nitric acid and diluting to 100ml with ultra-pure 
water. I f the dissolution was incomplete, lO^il ofhydrochloric acid (Suprapur, 35.0%; 
BDPI) was added to the cold mtnc acid .and heated to gentle boiling m order to 
volatize the excess of chloride.27 A l l glassware was kept in S^ /o nitric acid fot at least 
24 hours and washed three times with ultra-pure water before use. 
2.4 Procedure 
2.4.1 Collection of air sample 
Air particulates were collected with a dichotomous sampler with a f low rate 
of l6.7L/min. Two 37 mm Nuclepore filters with 0.4^m pore size that were supplied 
by Cornmg S e p a r a t e Division were used. Dichotomous sampler provides size 
selective inlets that give two fractions PM 2.5 and PM 10 which were collected on 
two different filters. The unique design ofthe PM 10 inlet allows only particles 
smaller than 10 microns to enter the virtual impactor, where they are accelerated at 
sufficient velocity to impact the particles larger than 2.5 microns into the virtual 
nnpactor receiving tube. These coarse particles impact through a void or irtual 
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surface rather than onto a hard surface. Figure 5. shows Sierra-Andersen 246b 
Ambient Aerosol Sampling Inlet. 
The sampler has a pump controlled by a programmable timer which automatically 
turns the pump on and of f at the preset time. The flow rate of the sampler was 
checked periodically to assure a constant f low rate through the size separator. Precise 
flow control is essential in order to ensure an accurate collection on particle size. 
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2.4.2 Treatment of sample collected on filter 
Before and after sampling, the filters were carefully handled, then weighed 
by an electronic balance and packed into individual dish with an identification label. 
Total particulate matter collected was calculated by gravimetry. 
2.4.2.1 Procedure for acid digestion 
For the acid digestion, particulates collected on Nuclepore filter were 
extracted and digested by nitric acid or mixed acid. One ha l fo f the loaded Nuclepore 
filter was weighted and placed in round bottom flask. Then 2 ml 65% HNO3 was 
added and it was refluxed in an oil bath for 5 hours to digest the particulate. Finally 
the solution was diluted to 10 ml in volumetric flask by using ultra-pure water. 
2.4.2.2 Procedure for Slurry Preparation 
One hal fo f the loaded Nuclepore filter was transferred into 10 ml of 
solvent and exposed to ultrasonic vibration for 5 min to facilitate the dislodging of 
PM 2.5 from the filter to the solvent. The remaining filter was completely white after 
sonification. 
2.4.3 Temperature program employed 
The temperature and time programs for the analysis oflead are shown in 
Table 1. It is the optimum temperature program for aqueous solution suggested by 
the computer program of the instrument. 
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Table 2. Temperature program employed for the analysis of lead in ETAAS. 
Stage Start(oQ~~End (�C)~~Ramp (s)~~Hold (s) 
Drying ^ HO 40 
Ashing 400 400 30 
Atomizing 2000 2000 10 
Cleaning 2200 2200 4 
Cooling 5 
2.4.4 Sample introduction 
Lead stock standards, digested and slurry samples were introduced into the 
ETAAS with porous electrographite platforms by using micropipette. The graphite 
platform (3 x 8 x 0.5 mm) was inserted into the graphite tube with stainless steel fine 
forceps (Figure A2). The graphite tube with platform inside was decontaminated by 
firing at high temperature (2800°C) in the graphite furnace before analysis. Standard 
addition method was used to determine the concentration oflead in the sample. 
2.4.5 Determination of Lead in PM 2.5 by Acid Digestion Method 
Indoor air particulate samples vsith aerodynamic diameter less than 2.5 ^m 
(PM 2.5) wei-e collected on Nuclepore filter (37 mm diameter and 0.4 ^im pore size) 
foi- 24 hours. The filter was weighed by an electronic balance before and after 
sampling. One ha l fo f the loaded Nuclepore filler cut by a steel cutter was weighed 
and digested in round bottom flask by 2 ml 65% HNO]. It was refluxed in oil bath for 
5 hours. It was then diluted to 10 ml in volumetnc flask by using ultra-pure water. 
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The filter would not be dissolved and was put into the oven for drying. Then i l was 
weighed and the mass of particulate matter extracted from the filter was calculated. 
Tlie actual content of lead in sample was determined by standard addition method. A 
10 fiL slurried sample was pipetted out and injected into the graphite tube, then 10 
| iL lead standards (0, 10, 20, 30 and 40 ppb) were added. A standard addition curve 
was formed and the concentration of lead in digested sample was determined. 
The temperature program used was the same as shown in Table 2. The factors such as 
the design of temperature program were studied. 
2.4.6 Determination of Lead in PM 2.5 by Developed Method 
The other half of the loaded Nuclepore filter was put into 10 ml of ultra-
pure water and it was put in ultrasonic bath for 5 minutes so as to facilitate the 
dislodging of air particulates from the filter to the water. The filter remained 
completely white after sonification. The efficiency of f i l ter dislodging was controlled 
by analysis of a second ultrasonic treatment for 30 min. When filters became 
completely white, this second treatment gave results below the detection limit. After 
ultrasonic agitation, the filter was removed and dried in an oven at about 100 °C for 2 
hours to remove the remaining solvent on filter surface. The mass of particulate 
matter dislodged from the filter was calculated. Also standard addition method was 
used for the determination of lead content in the slurried sample. The temperature 
program used was the same as shown in Table 2. The procedure was repeated with 
different percentages of nitric acid (0%, 0.01%, 0.05%, 0.1%, 0.5%, 1% and 2 %) as 
solvent to dislodge the air particulates. 
The lead contents in slurried samples with different percentages of nitric acid were 
compared with traditional acid digestion method. 
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Using 30mgl"' of Pd as chemical modifier performed the same procedures. 
10|il o fPd solution was pipetted into the graphite tube after the slurry sample and Pb 
standard solution were added. Then the effect of Pd as chemical modifier was 
determined. The temperature program employed for detecting lead, Pb with modifier 
in GFAAS was shown below: 
Table 3. Temperature program employed for the analysis of lead with Pd as 
modifier in ETAAS. 
Stage Start (T)~~End (V)~~~Ramp (s)~~Hold(s) 
Drying ^ HO 4 ^ 
Ashing 800 800 30 
Atomizing 2600 2600 10 
Cleaning 2800 2800 4 
Cooling 5 
2.4.7 Study the suspension behavior of PM 2.5 in the solvent 
A Brookhaven ZetaPlus Particle Size Analyzer was used to determine the 
particle size distribution and suspension behavior of air particulates in the solvents. 
Laser beam alignment and background measurement were performed by laser light 
particle size analyzer. PM 2.5 was dislodged from the filter to the ultra-pure water in 
ultrasonic bath, then slurried sample was put in the sample cell for particle size 
measurement. Then the effective diameter of particulate matter in the solvent was 
measured. The measurements were taken in 5 minute interval and 10 measurements 
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were obtained. The suspension behavior of the solvent was evaluated based on the 
change in the effective diameter of particulate matter with time. The procedures 
were repeated with diluted HNO3 solutions o f p H 1.5, 2.0, 2.5, 2.8 and 3.0. 
No calibration was required for this analyzer as the calibration was 
determined by the optical design. A l l necessary adjustments were made by measuring 
electrical offsets and aligning the laser beam. 
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3. Results and Discussion 
3.1 Choice of filter for air sampling 
Filter media of many different types and with many different properties have 
been designed for or adapted to air sampling requirements. Different types of filters 
have been used, i.e. glass fiber, cellulose esters, Teflon filter and Nuclepore filter. 
The most important factors for consideration in selecting filter media for 
microchemical analyses are: 
Particle Sampling Efficiency Filters should remove more than 99% ofsuspended 
particles drawn through them, regardless of particle size or f low rate. Cellulose-fiber 
filters and etched polycarbonate-membrane filters have efficiencies lower than 50% 
for some porosities, pore sizes, and particle sizes. Lower porosities and pore sizes 
generally result in higher sampling efficiencies. These characteristics also increase 
f low resistance, however. 
Mechanical Stability Filters should lie flat in the filter cassette inside of the 
sampler and provide a good seal with the sampling system to eliminate leaks. A 
brittle filter material may flake and negatively bias mass measurements. When 
different laboratory analyses require different sections ofthe sample, the filter must 
allow precise and accurate sectioning. The pure quartz-fiber filters are very brittle, 
and portions oftheir edges often become attached to the filter holder, thereby biasing 
the mass measurement. Ringed Teflon membranes are stretched between a ring, and 
these curl when they are cut in half or when a punch is removed. 
Chemical Stability: Filters should not chemically react with the deposit, even when 
submitted to strong extraction solvents. They should not absorb gases that are not 
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intended to be collected. When gas absorption is desired, as it may be when the 
precursors of secondary particles are measured; the filter material should absorb 
those gases at near 100% efficiency. 
Temperature Stability: Filters should retain their porosity and structure in the 
presence of temperatures typical of the sampled airstream and of the analysis 
methods. A l l of the filters are stable at ambient temperatures, but they may melt 
when used near hot exhaust sources. Some analyses, such as those for carbon, heat 
the filter and its deposit to several hundred degrees Celsius, and a melted filter may 
encapsulate the deposit. 
Blank Concentrations: Filters should not contain significant and highly variable 
concentrations of chemicals, which are being sought by analysis. Each batch of the 
unexposed filters should be examined for blank concentration levels prior to field 
sampling. These wi l l be measured as i f they were part of the particulate deposit. 
Flow Resistance and Loading Capacity: Filters should allow sufficient amounts of 
air to be drawn through them to satisfy the f low rate requirements of the inlet and to 
obtain an adequate deposit. Membrane filters generally have higher f low resistances 
cind lower loading capacities than fiber filters, and they are often used in samplers 
with low- and medium-volume inlets. Lower resistances and higher capacities can be 
attained by increasing the filter size, increasing the pore size, increasing the number 
ofpores (in a membrane filter), and decreasing the filter thickness. Decreased f low 
resistance is often gained at the expense of decreased sampling efficiency. 
Dislodging efficiencies: Filters should allow particulate deposited to be dislodged 
easily in order to make slurry sample. Membrane filters usually have higher 
dislodging efficiencies than fiber filters. 
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4 types of filter media, cellulose acetate, quartz fiber, Teflon filter and Nuclepore 
filter were chosen in this research. Among the four types of filters under studied, 
Nuclepore filter offered many advantages on particulate dislodging over the others. 
Nuclepore filters were inert to chemical transformations and had extremely 
low moisture sensitivity and background concentrations.^ Besides, the particulate 
collected on the filter surface was easily dislodged with ultrasonic agitation whereas 
it was difficult to remove from the cellulose acetate filter due to the buildup of 
electrostatic charge on the filter surface. Quartz fiber filter was friable so some fibers 
would also be removed from the filter surface on ultrasonic agitation. Moreover, the 
particulates collected were distributed throughout the depth of quartz fiber filter so it 
was difficult to remove the particulates from it. 
However, Teflon filter was not free from defects. The ring that was used to 
support the Teflon filter would introduce sample contamination during particulate 
dislodging and digestion process. Moreover, Teflon filter was more expensive than 
Nuclepore filter. 
Since Nuclepore filter showed promising results on particle dislodging, it was 
chosen for collection of air particulates. In our experiments 37mm and 0.4jum pore 
size Nuclepore filters are used. They have a smooth filtering surface; the pores are 
cylindrical, almost all uniform in diameter, and essentially perpendicular to the filter 
surface. It is possible to predict their particle collection efficiency on the basis of 
measured dimensions and basic particle collection theory, and the collection 
efficiency was up to 99.99%. Efficiency increases with filter loading and hence for 
long sampling periods a more effective collection of particulate wi l l be achieved. 
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Filters have a lower and more uniform weight, and since used for sensitive 
gravimetric analyses. 
The impurities in the Nuclepore filter are rather low as compared to other glass fiber 
and cellulose ester filters. The main reason for using Nuclepore filter in our 
experiment is due to the high dislodging efficiencies. Nuclepore filters collect the 
particles predominantly on the surface, so the dislodging efficiency is nearly 100% 
after ultrasonic agitation for 5 min. The filters remain completely white after 
sonification. The efficiency of filter extraction was controlled by the analysis of a 
second ultrasonic treatment. When filters became completely white, this treatment 
gave results below the detection limit. 
3.2 Choice of Solvents for Suspension of Air Particulates 
In slurry sampling, the role of the solvent is to provide a stable and uniform 
suspension for analysis. Sedimentation of the suspended material usually occurs after 
mixing the slurry. The sedimentation rate depends on the densities of the diluent and 
solid material, the viscosity of the diluent medium and the radius of the sample 
particles.'^ In slurry sampling method, there are several requirements on a suitable 
solvent. 
1) good stability of particulate matter 
2) an uniform distribution of it in the solvent 
3) low toxicity so as to dispose of it safely 
The slurry can be stabilized using a highly viscous liquid medium. Some papers 
suggested the addition of stabilizing agents such as TritonX-100 or glycerol to water 
for the suspension of air particulates. The stabilization capability of these reagents 
largely depends on sample characteristics and particle size. However, some problems 
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may arise. The sample is inefficiently pipetted into the AAS when the concentration 
of the stabilizing agent is high. The sample can remain around the dosing hole, which 
can degrade the precision. This problem has been observed using micropipettes ^^  and 
autosamplers'^. It is also necessary to change the temperature of pyrolysis step in 
order to remove the excess of stabilizing agent ^^'^^ Furthermore, some stabilizing 
agent may cause interference for some elements. 
The particle size of the solid material used to make slurry can influence the 
stabilization, deposition and atomization efficiency of the slurry, which in turn can 
influence both accuracy and precision. In our cases, the samples are fine fraction of 
air particulates that have aerodynamic diameter less than or equal to 2.5 micrometers. 
Under this condition, water can be used as solvent to suspend the particulate matter. 
No stabilization agents need to be added and we found that the PM 2.5 can be 
uniformly suspended in water (Discuss in section 3.5). Nitric acid was added to act as 
modifier to improve the interference and pre-digest the slurry sample, but the stability 
ofthe slurry was not been affected. 
3.3 Ultrasonic agitation 
Ultrasonic agitation has been used as an effective system to dislodge the 
particulates from the filter and to homogenize the slurries. An advantage of this 
system in comparison with magnetic agitation and vortex mixing is that the analyte 
of interest is partly extracted into the liquid phase, owing to the ultrasonic action. 
Before and after sampling, the filter was carefully handled, then weighed. After 
ultrasonic agitation, the filter was put into the oven for drying. Then it was weighed 
and dislodging efficiency was calculated. The dislodging efficiency is nearly 100% 
after ultrasonic agitation for 5 min. (Table 4.) 
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weight of unloaded weight of loaded weight of filter dislodging 
filter (mg) filter (mg) after agitation (mg) efficiency (%) 
9.69 ^ ^ 95.65 
^ ^ ^ 100.00 
^ ^ ^ 95.52 
^ i^Ti ^ m m 
^ ^ ^ 9 ^ 
Table 4. The dislodging efficiency of air particulates (PM 2.5) from Nuclepore filters 
3.4 Effect of the sonication time 
To investigate the time dependence of the ultrasonic treatment, three 
extractions with different percentages of nitric acid (0%, 0.05%, 0.5%) were carried 
out. In 5 min interval, the slurry samples were analyzed by ETAAS, and for each 
solvent six samples were determined. The results are shown in Fig. 6. From the 
figure, we can find that 5, 10, 15, 20, 25 and 30 min ultrasonic extractions had 
similar concentration of lead for each solvent. No significant difference could be 
found. The results indicated that a 5 min treatment was generally sufficient to extract 
the analyte from the air particulates for different percentages of nitric acid. But the 
higher the concentration of the nitric acid used, the higher was the lead content that 
could be extracted from the paticulates. (Discuss in section 3.6) 
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Fig.6 Effect of the sonication time in different solvent 
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3.5 Particle size and Effect of stabilization agents 
It was confirmed that slurry - ETAAS gave incomplete recovery from large 
particles when compared with flame AAS digestion procedure (which is independent 
of particle size). Two effects could contribute to the incomplete recovery o f lead 
from larger particles: firstly, larger particles may vaporize more slowly in the ETA so 
that lead is incompletely atomized during the observation time; and secondly, these 
particles may be less efficiently piptted from the stirred slurry, as they are less likely 
to be held in a homogeneous suspension compared with smaller particles.^^ But PM 
2.5 are particles ofaerodynamic diameter less than or equal to 2.5 micrometers. They 
are so small that can easily obtain a homogenize slurries in water and different 
concentrations of nitric acid. To study the stability of particulate matter, we can 
observe the change in size of particles suspended in different pH ofn i t r ic acid over a 
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period of time by using Brookhaven ZetaPlus analyser. It used laser light with a 
wavelength of 750 nm to size particles with diameters from 0.1 jum to 100 ^m by 
light diffraction. The laser radiation passed through a spatial filter and projection 
lens to form a beam of light. The beam passed through the sample cell where 
particles were suspended and the incident light scattered in characteristic patterns 
which depended on their sizes. In order to have a good sample quality, the slurry 
concentration should be at least lmg/ml. 
The analyzer measured particle size distribution by measuring the pattern of 
light scattered by the constituent particles in the sample. This pattern of scattered 
light was called a diffraction pattern. Each particle diffraction pattern was 
characteristic of its size. The pattern measured by the analyzer was the sum of the 
patterns scattered by each constituent particle in the sample. An important component 
for making this measurement in the analyzer was the Fourier lens. The lens focused 
any light striking any part of the lens at a given angle onto a single annular area on its 
plane of focus, the Fourier plane. The Fourier lens was sensitive only to the angle of 
the light rays incident on it and not to the position or velocity of the source of light. 
The result was that the Fourier lens formed an image of the entire diffraction pattern 
of each particle, the image being centered at a fixed spot on the Fourier plane. The 
individual diffraction patterns from the many moving particles in the sample cell 
were therefore superimposed, creating a single composite diffraction pattern that 
reflected the contributions from all the particles in the sample cell. Detectors placed 
on the Fourier plane can accurately sense this composite diffraction pattern. Over the 
course of a measurement, a running average was computed on the flux pattern at 
every instant. When the duration of the measurement was long enough that the flux 
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pattern accurately represented the contributions from all sample particles, an analysis 
of the resulting pattern would yield the true particle size distribution of the sample,^') 
Table 5 shows the effective diameter of particles suspended in the solution 
with different nitric acid concentration, from pH 3 to pH 1.5. The effective diameter 
of particles was rather stable over 50 min intervals in different solvents. This means 
that no settling behavior o f P M 2.5 in these solvents was observed. At the beginning, 
the mean effective diameter of PM 2.5 in pure water was about 270nm. There was 
no sufficient change in particle size over the 50-minute period, indicating that PM 2.5 
suspended and distributed well in water. When the pH decreased, the particulates 
also suspended and distributed well. 
Table 5 Effective diameter of PM 2.5 in different pH of nitric acid solution 
during 50 min interval. 
Time (min) Eff. Diam. (nm) Eff. Diam. (nm) Eff. Diam. (nm) Eff. Diam. (nm) 
pH3.0 pH2.5 pH2.0 pH 1.5 
%o fHNO3 (0.0065%) (0.0130%) (0.0260%) (0.0520%) 
5 2 ^ 3 0 ^ 1030.4 1845.8 
10 277.8 282.8 1126.9 1796.4 
i ^ 275.7 279.1 1197.4 1806.9 
^ 2 7 ^ 2 ^ 1255.8 1853^5 
^ 2 ^ 2 ^ 1265.7 1843.6 
^ r ^ 2 ^ 1254.7 f 8 ^ 
^ 276.4 280.6 1244.5 1850.5 
40 2 ^ 281.7 1258.4 1848.5 
45 2 ^ 2 ^ 1246.6 I s 3 ^ . 
50 2K2 2 ^ 1250.3 m ^ 
3 8 
In view of this result, all aqueous solvents could be chosen as the suspending 
media of the particulate matter for subsequent analysis. In pH 2.0, the particles began 
to aggregate to form slightly larger particles (about 1200nm) but the particles 
remained stable in the solvent. Therefore all the aqueous and acidic solution are 
suitable for PM 2.5 suspension for a long period of time for lead determination by 
using ETAAS. 
3.6 Effect of acid predigestion of the slurry sample 
Pre-digestion of the slurry sample can be helpful to extract the analyte of 
interest into the liquid phase. Some workers 47,50-52。^订乂 out a predigestion of the 
particles in an acid medium to mobilize several elements into solution. In this way, 
portions of the trace elements remain in the solid phase and the remainder is 
transferred into aqueous solution. Pre-digestion of air particulates in acid medium 
only required a partial decomposition of sample and hence it is not time-consuming. 
To study this effect, nitric acid concentration and predigestion times were 
determined. This method is much faster, and more reliable than those based on dry 
ashing or extensive wet oxidation. Pre-digestion was performed by adding a small 
amount of concentrated nitric acid to the sampling cup containing the slurry. Partial 
extraction of the analytes into the liquid part of the slurry was obtained. The pre-
digestion step significantly improved both the precision and accuracy^^ The pre-
digestion step was accomplished in the beaker with ultrasonic agitation. From Fig.6 
we can see that with a pre-digestion time of 5 min is sufficient to extract lead (Pb) 
from the air particulates and transfer it into the solution. Fig. 7 shows the effect of 
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pre-digestion o f P M 2.5 after 5 min ultrasonic agitation with different concentration 
of nitric acid. The results showed that with a concentration of nitric acid above 0.5%, 
pre-digestion reached the optimum efficiency. About 80% of lead were pre-digested 
when compared with acid digested sample. 
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Fig. 7 Effect of pre-digestion of PM 2.5 with different concentration of nitric 
acid 
From the results, we can recognize that a rather high percentage (80%) of lead 
in PM 2.5 are pre-digested and transferred to the solution in a short period of t ime 
(5min). Therefore, it is no need to digest the samples with high concentration ofacid 
at high temperature, and aqueous standard can be used for calibration. Nitric acid 
used here is to pre-digest the particulates and act as a modifier for lead determination. 
It w i l l be discussed in the next section. 
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3.7 Chemical Modification 
Matrix modification was proposed by Ediger in 1975, although chemical 
modification is now often the preferred term. Chemical modification is often 
necessary in ETAAS in order to remove matrix interferences. The loss of volatile 
analyte compounds during the drying or ashing step in electrothermal atomization 
also constitutes chemical interference. The modifier stabilizes the analyte to higher 
temperatures and makes possible the removal of interferences before analyte 
atomization. But for an acceptable modifier a number of requirements have to be 
fulfil led: 
1. The analyte element should be stabilized to as high a pyrolysis temperature as 
possible, to allow volatilization of bulk of contaminants. 
2. The modifier should be available in high purity and not contain the analyte 
element in measurable concentration. | 
I 
3. The modifier should not contain an element at high concentrations that has to be 
determined at trace levels in the furnace at a later time. 
4. The modifier should not markedly reduce the lifetime of graphite tubes. 
5. The modifier should not produce excessive background attenuation around the 
wavelength of the analyte element. 
Over the last decade a great number of substances have been proposed as 
chemical modifiers for the elements investigated. Chemical modifiers in liquid form 
are mostly used for the determination ofhighly volatile elements such Pb, Cd, Se and 
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As.i3 The most common ones are 0NH4)2HPO4 ^''^^"^^ Pd, (Pd(NO3)2, (Mg(NO3)2) or 
PdCl2 56-57for lead and cadmium determination. 
3.7.1 Use palladium as chemical modifier 
A large number of chemical modifiers have been developed that thermally 
stabilize the analyte, allowing higher ash temperatures to be used without analyte 
loss. In this way, more matrixes may be removed leaving less to interfere wi th the 
analyte determination. Some of the modifiers do not meet any of the requirements 
mentioned in the last section. Tn the last few years palladium has been investigated as 
I 
a possible universal modifier, because it is available in high purity (99.999%), and 
does not reduce the lifetime of the graphite tube. Palladium is not a frequently 
determined element, and can stabilize the analyte to higher temperatures than other 
modifiers. 
The stabilizing mechanism of palladium is not yet completely understood. 
i 
Shan and Ni^^ suggested that a thermally stable compound or alloy be formed |, 
between palladium and lead. Schlemmmer and Welz)9 reported that most analytes are 
stabilized to about 1200°C by palladium. They suggested that the analyte is 
embedded in the palladium matrix or forms an alloy. Shan and Wang^^ used X-ray 
photoelectron spectroscopy to obtain binding energies suggestive ofPd-Pb and Pd-Bi 
bonds. The action of palladium was also investigated by Rettberg and Beach^' who 
suggested that palladium must be in free metallic form to act as modifier, and 
reducing agents to enhance the decomposition of palladium oxide. The temperature 
program employed for detecting lead, Pb with Pd as modifier is shown in Table 3. 
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3.7.2 Amount of chemical modifier 
The effects of various amounts of palladium, as chemical modifier, were 
studied using different concentration of palladium ( O-SOOmgl"') wi th slurry prepared 
from PM 2.5. A series of measurements were carried out to determine the optimum 
concentration of palladium to be used, by adding 10^1 different concentration o fPd 
and 10^1 of slurry sample to ETAAS to study the absorbance. 
The optimum concentration o fPd to be used should be 30mgr' because the highest 
absorbance and the sharpest peak would be obtained. When less than 30mgr^ o fPd 
was used, lower absorbance was observed. Some volatile lead compound was 
removed before atomization stage when too low concentration o fPd was used. 
A board peak and high background would be observed when high concentration of 
Pd was used. As a result of the measurements, we selected 30mgr^ as the optimum 
concentration of palladium. 
3.7.3 Effect of nitric acid 
The temperature of atomization for lead in ETAAS is generally 2000°C. I f 
the sample consists of several species with different temperatures of volatilization, 
part ofthe sample can be removed into the gas phase, while the remainder is still 
being heated. This leads to an undermeasurement of the sample present. From the 
previous section, we can know that nitric acid was used as a strong acid to pre-digest 
the particulates. Nitric acid can also act as a modifier. The temperature at which the 
lead is volatilized as a gas is modified by the presence of the nitrate, which produces 
lead oxide.62 In normal solution lead may volatilize at very low temperature due to 
the presence ofhalides. I f chloride is present, excess nitric acid can be added to make 
4 3 
all the PbCl2 form Pb(NO3)2. Then the nitrates decompose to stable oxides at low 
temperatures. ^ '^^ ^ 
PbO^O3)2 一 PbO + 2NO2 + 1/2 O2 
The oxide formed is stable to very high temperatures. The chlorides, on the other 
hand, dry then sublime after drying. As a consequence, the addition of nitric acid ‘ 
helps to prevent premature volatilization of the lead species. Finally, the lead atom 
vapor phase is formed by volatilization of solid PbO, a process that involves a 
donation of electrons from the surface (carbon) to the PbO.^^ 
PbO-C 一 Pb + C〇2 , CO 
® < ^ ^ ^ ^ ^ r 4 ^ ^ ^ $ ^ 
e ^ — ^ ^ 
^ ¢^3- \ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
V j < ^ " " ^ ^ ASH 
H2O T 
(^"^^T^ 
ATOMIZE , ^ ~ ^ 
^ ^ I I 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H H | j ^ ^ | 2 | ^ | i ^ | p S 
" = ^ ( ^ ^ " = ^ 283.3nmlight 
J • 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
Figure 8. Schematic of the steps required bringing the gas phase from solution. ^^  
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3.8 Optimization of the graphite furnace temperature 
In order to effectively remove the aqueous solvent, the temperature of the 
drying stage was set from 80 - 140 °C for 40 seconds to evaporate aqueous solvent 
from the sample at a moderate heating rate. 
At the ashing stage the sample was ashed to eliminate interference due to 
background absorption. The ashing temperature should not be too high or it would 丨 
cause the loss of the object element. Since lead was a volatile element, the ashing 
temperature was maintained at 400 °C to prevent the evaporation of lead in this stage. 
The analyte element was atomized during the atomizing step. The 
temperature for atomization depends on the element of interest and it was maintained 
at 2000 °C for lead since a high atomizing temperature accelerated the atomizing 
speed and shortened the retention time of atomic vapor in the graphite tube. 
Table 2 summarizes the parameters employed in the analysis of lead by 
ETAAS in the subsequent studies without Pd as modifier. 
A possible problem with the use of slurries in the graphite furnace is 
incomplete ashing of the organic matrix. To avoid this problem, Pd was used as 
modifier. Experiments were carried out to determine the optimum temperature for the 
ashing, and atomization steps by recording absorbance signals from 10^1 of PM2.5 
slurries and 10^1 of 30mgl'' of Pd. The optimum ashing temperature obtained for 
slurries are shown in Fig. 9 
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Fig.9 Ashing curves for lead determination using palladium as chemical 
modifier. 
As can be seen, the highest ashing temperature should be 800°C, while 
important loss of lead from the graphite tube is observed for ashing temperature 
higher than 800°C in the presence of modifier. 
Determination ofthe oplimum atomization temperature was carried 
out b>. studying different atomization temperatures between 2000 and 2700°C. The 
choice of lh is temperature was not made from the atomization curve, because double 
lead absorption peaks were obsen ed at some atomization temperatures and hcnce 
selection ofthe optimum temperature was not possible. The double peak appears at 
atomization temperatures between 2000 and 2400°C while a single absorption peak 
is observed for atomization temperatures of2500 and 2600°C. The oplimum 
4 6 
atomization temperature chosen was 2600°C because using this temperature there are 
no double peaks and the maximum peak area is obtained. This double peak formation 
by lead in the presence of palladium has been observed previously and Dabeka et 
I 
al.65 has explained this behavior as being due to the formation of refractory lead 
species in the presence ofpalladium. However, double absorption peaks for lead in 
the absence of palladium or other modifiers have also been observed,^^ and have 
been attributed to physical effects, such as background problems or partial occlusion 
of lead within the sample matrix, or to the presence of two or more lead compounds 
(Pb, PbO) having different volatilities. 
The temperature of ashing stage was 800°C and the temperature of 
atomization was 2600°C are chosen as the optimum temperature in order to obtain a , 
sharp and maximum peak area. 
3.9 Effect of using platform 
A platform is a thin, rectangular shaped piece of graphite, which is mounted 
inside the conventional graphite tube. The platform is positioned in the centre of the 
cuvette. The platform is heated by cuvette wall radiation since it fits into a slot in the 
wall of the graphite cuvette and therefore does not come into direct contact with the 
hot centre portion of the tube. Using platform in tube technique would give a much 
better result on the determination of lead by ETAAS. However, with the sample 
directly deposited on the tube wall, the sample was evaporated and ashed on the tube 
wall. When the tube temperature was raised rapidly, the sample followed this 
temperature rise. As a consequence, atomization occurred in an environment in 
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which the temperature was changed so rapidly and hence less reproducible results 
were obtained. 
With the presence of graphite platform inside the tube, the sample was 
deposited on the small platform surface rather than on the inside wall of the tube. 
The platform was primarily heated by radiation from the tube wall, so that a time lag 
existed between heating of the tube and the platform. When the graphite tube was 
heated rapidly in the atomization step, the temperature of the platform followed this 
temperature rise slowly. The platform reached the atomization temperature when the 
tube wall and the gas had already reached equilibrium. The temperature of the gas 
was higher than that of the platform. The atoms of the analyte were thus volatilized in 
a gas with a higher temperature at equilibrium, so that chemical interferences were 
diminished. Therefore, platform in tube technique was better than direct introduction 
technique and hence was chosen for subsequent studies. 
3.10. Sample injection volume 
The maximum allowable injection volume of the graphite tube used in this 
ETAAS was 50 |aL. However, half or less of the maximum volume should be 
injected to prevent interference and background absorption by minimizing the 
absolute quantity of coexisting substances. 
Since the sample was deposited on the small platform surface rather than the 
tube walK the sample injection volume should be small to prevent the spreading of 
sample from the platform surface. Therefore, the sample injection volume was 
maintained at 10 |aL in the subsequent studies. 
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3.11 Recovery study of Lead in PM 2.5 
Recovery Study oflead in pure water. 
The concentration of lead in PM 2.5 using water as solvent and the recovery 
percentages are shown in the following table: 
Concentration of lead Concentration of lead by Recovery of lead in 
by slurry method (ppb) acid digestion (ppb) pure water (%) 
1 22.37 53.27 41.99 
2 64.22 81.88 78.43 
3 21.64 32.03 67.56 
4 85.52 113.52 75.34 
Average Recovery : 
65.83% 
Table 6. The recovery oflead in PM 2.5 using water as solvent 
In our experiments, acid digestion method is viewed as a traditional method 
for determination of lead in air particulates and used it as a standard to compare with 
modified slurry method. We can see that the average recovery of lead in PM 2.5 
using water as solvent was only 65.83 %. It is because pure water does not have pre-
digestion and modifier function. Therefore, the low lead content determined in slurry 
sample may were due to the incomplete atomization of the particulates and lost in the 
drying or ashing stage. Then the recovery can be improved by adding small amount 
of low concentration nitric acid as modifier to improve the interference and pre-
digest the slurry sample. Different percentages of nitric acid (0.005%, 0.01%, 0.05%, 
4 9 
0.1%, 0.5%, 1%, 2 % and 5 %) were used as solvent to dislodge the air particulates. 
Table 7 shows the recovery when different percentages of nitric acid are used. 
I 
% of nitric acid Recovery of lead (%) 
0 ^ 74.87 
0 ^ 7 ^ 
0 ^ 84^ 11 
^ 1 86.70 
05 89.98 
I 
1 9 L ^ 
2 92.54 
5 91.05 
Table 7 The recovery of lead in PM 2.5 when using different percentages of nitric 
acid as solvent 
Also the reliability of the developed method was proved by the analysis of the 
same filter with classical acid digested method, which was used it as a standard for 
comparison. The recovery of slurry sample method against different concentrations 
of nitric acid is plotted in Fig.lO. The recovery increased sharply in the range of 0% 
HNO3 to 0.01% HNO3. And the recovery is over 90% when above 1% nitric acid is 
used as solvent. Good agreement of the result was obtained between the two 
techniques. According to the results, it shows that increasing the concentration of 
HNO3 to 5% or more would not increase the recovery of the samples. The presence of 
high concentration of HN03 would suppress the absorbance signal of the analyte and 
5 0 
hence the recovery. Also high concentration of nitric acid should reduce the lifetime 
of the graphite tube. 
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Figure.lO The change of recovery of lead with different concentration of nitric 
acid. 
3.10.3 Effect of palladium 
Palladium was used as chemical modifier to avoid the loss ofvolati le lead 
compounds before atomization and remove the interference due to the organic 
compound presence in the air particulates. The following table shows the recovery of 
lead in PM 2.5 before and after adding palladium as modifier with water as solvent. 
5 1 
pure water without Pd pure water with Pd 
Trial Acid-digested method Measured conc. Recovery Measured conc. Recovery 
o fPb (ppb) o fPb (ppb) (%) o fPb (ppb) (o/o) 
1 r ^ m ^ m ^ 
2 m ^ n n o ^ 
~~3 i ^ ^ ^ H 6 ^ ~ 
Table 8. The recovery of lead in PM 2.5 before and after adding palladium as 
modifier with water as solvent. 
The recovery increased about 10 % when 30mgl] of palladium was added as 
chemical modifier. These show that palladium can stabilize the volatile lead 
compounds and prevent them from escaping at the drying and ashing stage. Less than 
90% recovery was due to the lead content in particulate not being extracted into the 
solvent, therefore preventing direct contact between the modifier and lead. This 
reduced the function of modifier and also the recovery. 
The comparison showing the recovery with and without palladium as chemical 
modifier with 2% nitric acid as solvent was tabulated in Table 9. The recovery 
slightly increased when 10|il of 30mgl'' of palladium was added as modifier. When 
using 2% nitric acid as solvent, nearly 80 % oflead was extracted into the solution. 
(Discussed in 3.6) Also nitric acid can also act as a modifier to stabilize the volatile 
lead compound, so that the recoveries are high (over 90%) even when no palladium 
was added. The increase in recovery after adding palladium was due to the 
5 2 
destruction of organic matter in the air particulates in ashing stage and good contact 
of soluble lead with modifier. 
2% nitric acid without Pd 2% nitric acid with Pd 
Trial Acid-digested method Measured conc. of Recovery Measured conc. of Recovery 
o fPb (ppb) Pb (ppb) (%) Pb (ppb) (o/o) 
1 r ^ H 9 n i ^ ^ 
^ 2 r ^ m n m ^ 
3 146 i ^ ^ i ^ ^ 
Table 9. The recovery oflead with and without palladium as chemical modifier with 
2% nitric acid as solvent. 
3.12 The limit of detection and precision of the developed method 
The l imit of detection (LOD), the lowest concentration level that can be 
determined to be statistically different from a blank, is defined as 
LOD =3SD/m 
where m is the slope of the calibration graph of standard solution and SD is the 
within-run standard deviation of a single blank determination.^^ The value obtained 
was 0.46^gl"^ for the LOD. 
The precision was expressed as relative standard deviation.(RSD) The within_ 
mn precision of the method obtained for ten replicate analyses of a single sample 
during the same run was 5.72%.(for 49^igl"' of lead) The within-batch precision of 
the method, obtained for ten replicates of three samples with different concentrations 
5 3 
of lead added, was also investigated. To study the within-batch precision, three 
samples with 20, 40 and 60 ^gl"' of added lead were used and the result were 4.6, 7.8 
and 5.4%, respectively. 
54 I 
4. Conclusion 
Acid digestion is a standard treatment method for metals in air particulate. 
However it suffers from potential contamination and is also time consuming. Slurry 
ETAAS technique was developed for determination of lead in respirable (<2.5^m) 
particulates. Suspension of air particulate in diluted nitric acid allows the direct 
determination for Lead ETAAS with very high recovery match with acid digested 
method. 
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